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Abstract The status of searches for possible variation in the constants of na-
ture from astronomical observation of molecules is reviewed, focusing on the di-
mensionless constant representing the proton-electron mass ratio µ = mp/me.
The optical detection of H2 and CO molecules with large ground-based tele-
scopes (as the ESO-VLT and the Keck telescopes), as well as the detection of
H2 with the Cosmic Origins Spectrograph aboard the Hubble Space Tele-
scope is discussed in the context of varying constants, and in connection
to different theoretical scenarios. Radio astronomy provides an alternative
search strategy bearing the advantage that molecules as NH3 (ammonia) and
CH3OH (methanol) can be used, which are much more sensitive to a varying
µ than diatomic molecules. Current constraints are |∆µ/µ| < 5 × 10−6 for
redshift z = 2.0− 4.2, corresponding to look-back times of 10-12.5 Gyrs, and
|∆µ/µ| < 1.5 × 10−7 for z = 0.88, corresponding to half the age of the Uni-
verse (both at 3σ statistical significance). Existing bottlenecks and prospects
for future improvement with novel instrumentation are discussed.
Keywords Varying constants · Extragalactic astronomy · Molecular
spectroscopy
1 Introduction
Extensions of the Standard Model (SM) of physics can occur in various ways.
One possibility of such an extension is the temporal or spatial variation of
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fundamental constants of nature, such as the coupling strengths of the known
four forces, the strong and weak forces, electromagnetism and gravity. Their
coupling strengths are inserted in the SM as free parameters, as are the rela-
tive masses of the elementary particles. However, in order to describe physics
in a consistent framework of quantum field theories it does not suffice to al-
low the fundamental constants to vary at will. For consistency, and to retain
e.g. conservation of energy, the inclusion of additional fields is required, of-
ten referred to as ’dilaton’ fields that may in the simplest form be of scalar
nature (Barrow et al. 2002). Such fields may be regarded as additional forces
or ’quintessence’, and may be associated with other unknown forms of (dark)
matter or energy. If such connection exists, then the values of some constants
of nature might follow the increasing amount of dark energy in the Universe,
in which case the variation of constants would manifest itself on a cosmolog-
ical time scale. Alternatively, the fundamental constants might be connected
to local effects such as matter density (Khoury and Weltman 2004) or gravi-
tational fields (Flambaum and Shuryak 2008). Theories involving variation of
fundamental constants exist in various flavors and are e.g. described in the
review by Uzan (2011).
The quantum mechanical energy level structure of atoms and molecules is
determined by the value of the fine structure constant α and the proton-to-
electron mass ratio µ = mp/me (Kozlov and Levshakov 2013; Jansen et al.
2014). Searches for variation of both dimensionless constants α and µ focus
primarily on spectroscopic methods. Comparison between spectra obtained
from astronomical observations at high redshift with the same spectra mea-
sured at high precision in the present epoch with laboratory-based methods
may reveal minute shifts in the values of those constants. Spectroscopy, i.e.
the measurement of wavelengths or frequencies of absorption lines, is a solid
method in view of the accuracy at which such quantities can be measured.
In the analysis procedures of comparing spectra the small differential shifts of
absorption lines imposed by varying constants must be disentangled from the
cosmological and gravitational redshifts involved in astronomical observations.
However, General Relativity (GR) predicts that these latter redshifts are dis-
persionless, hence disentangling is straightforward. As variation of constants
implies a breakdown of Einstein’s equivalence principle, a corner stone of ex-
isting theories of physics, any resulting differential or dispersion effect may be
considered as a token for new physics.
The search for a varying fine structure constant α from comparison of
spectroscopic lines was pursued already in the 1950s (Savedoff 1956) based
on the alkali-doublet method. Here it is used that the separation of two spec-
tral lines probing a spin-orbit doublet from a common ground state scales
with α2. Bahcall and Schmidt (1967) therewith constrained a relative varia-
tion of α at the 10−3 level from observations of a pair O III emission lines at
redshift z = 0.2. The accuracy was much improved by the Many-Multiplet-
(MM) method, where absolute transition frequencies of various elements can
be used simultaneously for probing a variation of α. The MM-method requires
detailed ab initio calculations of atomic structure to derive sensitivity coeffi-
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cients (Dzuba et al. 1999). Such sensitivity coefficients reflect by how much
spectral lines will shift as a result of a relative change in the fine structure
constant ∆α/α, and they appear to be largest for heavy elements where elec-
trons undergo relativistic motion. Based on the MM-method and observations
with large 8-10m class telescopes certain indications of a temporally (Webb
et al. 2001) and spatially (Webb et al. 2011) varying α were reported. It is dis-
cussed in the scientific literature whether these effects might be due, at least
in part, to calibration issues with the spectrographs connected to the large
optical telescopes used to probe varying α at high redshift (Rahmani et al.
2013; Whitmore and Murphy 2015; Dumont and Webb 2017).
Focus of this paper is on another dimensionless constant, the proton-to-
electron mass ratio µ, and the constraints that can be derived on its relative
variation∆µ/µ. In theoretical models based on Grand Unification it was shown
that the rate of change in µ is much faster than a putative rate of change
in α (Calmet and Fritzsch 2002; Langacker et al. 2002), thus making µ a
sensitive test ground for probing varying constants. Typically the constant µ
is associated with the quantized motion of nuclei in molecules, through their
intramolecular rotation, vibration and tunneling modes. Again for any model
comparing astronomical spectra with zero-redshift laboratory data, sensitivity
coefficients Ki = (d lnλ)/(d lnµ) must be evaluated for each allowed quantum
transition in a molecule (Jansen et al. 2014). In the following the results of
ground-based observation of molecular hydrogen and carbon monoxide at high-
redshift will be presented, yielding constraints on ∆µ/µ. It will further be
discussed how vacuum-ultraviolet (VUV) absorption by H2 in galactic white
dwarf objects, detected by a satellite-based spectrograph, will be used for
constraining a possible dependence of µ on a gravitational field. The microwave
detection of molecular absorption used for probing a varying µ is described in
a subsequent section. Future developments in optical and radio astronomy, as
well as bottlenecks, challenges and opportunities for more tight constraints on
variation of the proton-electron mass ratio is discussed in a concluding section.
2 Optical detection of the H2 molecule
Hydrogen is by far the most abundant species in Galaxies and is found in both
atomic and molecular forms in the interstellar medium. The investigation of
H2 absorption in galaxies at high redshift in the line-of-sight towards quasars
favorably draws from this omnipresence of H2. Nevertheless, although large
numbers of quasars have been detected, many of which with a Damped-Lyman-
α (DLA) absorption feature marking a column density for atomic hydrogen in
excess of 2×1020 cm−2, only a limited number of systems with pronounced H2
absorption have been identified. Currently some 23 H2 absorbers at redshifts
z > 2 have been found by various authors and a compilation can be found
in Ubachs et al. (2016). An additional set of 23 systems with tentative absorp-
tions have been detected (Balashev et al. 2014). In those systems typically a
column density for H2 is detected at the 1% level with respect to that of H,
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Table 1 List of the ten high redshift H2 absorption systems analyzed so far for µ-variation.
The identification of the quasar source, the redshift z of the absorbing system, and the
J2000-coordinates of the quasar source are listed. The column densities N(H2) are given on
a log10 scale in cm
−2. Rmag represents the magnitude in the visible range.
Quasar zabs RA(J2000) Decl.(J2000) N(H2) Rmag Refs.
HE0027−1836 2.42 00:30:23.62 −18:19:56.0 17.3 17.37 (Rahmani
et al. 2013)
Q0347−383 3.02 03:49:43.64 −38:10:30.6 14.5 17.48 (Ivanchik
et al. 2005;
Reinhold et al.
2006; King
et al. 2008;
Wendt and
Molaro 2012;
Thompson
et al. 2009)
Q0405−443 2.59 04:07:18.08 −44:10:13.9 18.2 17.34 (Ivanchik
et al. 2005;
Reinhold et al.
2006; King
et al. 2008;
Thompson
et al. 2009)
Q0528−250 2.81 05:30:07.95 −25:03:29.7 18.2 17.37 (King et al.
2008, 2011)
B0642−5038 2.66 06:43:26.99 −50:41:12.7 18.4 18.06 (Bagdonaite
et al. 2014a;
Albornoz
Va´squez et al.
2014)
Q1232+082 2.34 12:34:37.58 +07:58:43.6 19.7 18.40 (Varshalovich
et al. 2001;
Ivanchik et al.
2010; Dapra´
et al. 2017b)
J1237+064 2.69 12:37:14.60 +06:47:59.5 19.2 18.21 (Dapra` et al.
2015)
J1443+2724 4.22 14:43:31.18 +27:24:36.4 18.3 18.81 (Bagdonaite
et al. 2015)
J2123−0050 2.06 21:23:29.46 −00:50:52.9 17.6 15.83 (Malec et al.
2010; van
Weerdenburg
et al. 2011)
Q2348−011 2.42 23:50:57.87 −00:52:09.9 18.4 18.31 (Bagdonaite
et al. 2012)
although much higher molecular fractions have also been detected recently, see
e.g. Noterdaeme et al. (2017).
The strongest electric dipole-allowed transitions in the H2 molecule, those
of the Lyman and Werner band systems, occur at rest-frame wavelengths of
912-1150 A˚, so that a significant fraction of the absorption lines shift into
the atmospheric transmission window (λ > 3050 A˚) for absorption redshifts of
z > 2. Since the molecular absorption bands lay shortward in wavelength of the
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Lyman-α line (1215 A˚), H2 line absorptions are typically found in the ’Lyman-
α forest’. This consists of a spectral region crowded with many Lyman-α ab-
sorption lines, produced by the intergalactic gas over the full range of redshifts
along the line of sight, from the observer to the background quasar (Rauch
1998). This Lyman-α forest produces in fact a random spectrum overlaying
the spectral region where H2 absorption lines are located, thus forming an
obstacle to be overcome in the data analysis (Malec et al. 2010).
Currently some ten H2 absorptions systems, listed in Table 1, have been
analyzed for µ-variation. These are good quality systems in view of brightness
of the background quasar, typically in the range of Rmag = 17.3 − 19. Such
magnitude allows for recording of an H2 absorption spectrum of typical SNR
≥ 20 and resolution of R = 50, 000 in an amount of 10 hrs at an 8-10m class
telescope, such as the Keck telescope (with the HIRES spectrograph) and the
Very Large Telescope (VLT, with the UVES spectrograph). The quasar J2123-
005 is a special case displaying extraordinary high brightness (Rmag = 15.83),
which was exploited in observations by both telescopes (Malec et al. 2010;
van Weerdenburg et al. 2011). Further, good quality H2 absorption spectra
can be obtained for column densities of log10N(H2) [cm
−2] = 17− 18.5. Sys-
tem Q0347-383 with log10N(H2) [cm
−2] = 14.5 produces nevertheless a good
quality spectrum with non-saturated lines (Ivanchik et al. 2005; Wendt and
Molaro 2012), while system J1237+064 exhibits strongly saturated absorption
lines for the highest populated quantum states of H2 (Noterdaeme et al. 2010).
Quasar absorption spectra are treated in a ’comprehensive fitting’ analy-
sis (Malec et al. 2010), where all H2 lines are described by a set of molecular
parameters, λ0i for the rest-frame wavelength, fi for the line oscillator strength,
and Γi for the natural broadening coefficient, and the sensitivity coefficients
Ki and invoked in the equation governing the comparison between spectra:
λzi = λ
0
i (1 + zabs)(1 +Ki
∆µ
µ
), (1)
The rest frame wavelengths λ0i of the H2 absorption lines have been determined
to high accuracy in dedicated laboratory experiments using tunable vacuum
ultraviolet lasers (Ubachs and Reinhold 2004; Philip et al. 2004), as well as by
a combination of spectroscopic studies aimed at determining level energies of
excited states in H2 from which the vacuum ultraviolet absorption lines can be
calculated at high accuracy (Bailly et al. 2010). Also lines of the HD isotopo-
logue are used in the astronomical analyses for which accurate laboratory data
are available (Ivanov et al. 2008). The status of these laboratory experiments
is that the transition wavelengths of the H2 absorptions may be considered
exact for the purpose of comparison to quasar data recorded with the HIRES
spectrometer at Keck and the UVES spectrometer at VLT. The values fi and
Γi for the absorption lines are obtained from ab initio calculations of the H2
molecule (Abgrall et al. 2000). Values for the sensitivity coefficients Ki were
derived by a number of groups using independent techniques (Varshalovich
and Levshakov 1993; Meshkov et al. 2006; Ubachs et al. 2007).
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Fig. 1 Values for the relative variation of the proton-to-electron mass ratio ∆µ/µ plotted
as a function of redshift and look-back time for nine H2 absorption systems analyzed in
detail (Q1232+082 not included). Open circles: data corrected for long-range wavelength
distortions; Closed (red) circles: uncorrected data. Results are plotted alongside with evolu-
tion of cosmological parameters for Ωm (dashed line) and ΩΛ (full line), with respect to the
right-hand vertical axis. The grey bar represents the average for ∆µ/µ with ±1σ uncertainty
limits from the H2 systems analyzed. For comparison results from radio astronomical obser-
vations at lower redshift (z < 1) are plotted as well (diamonds - blue). Figure reproduced
from Ubachs et al. (2016).
In the analysis of astronomical spectra each spectral line is folded by a
Doppler parameter b, shifted by the redshift parameter 1 + z and its intensity
multiplied by the column density NJ for each populated quantum state of the
H2 molecule. Typically only states with v = 0 and J = 0−5 will be populated
to the extent that absorption is detected. Hence, from the broadening parame-
ters Γi and b, further folded by the instrument function of the spectrograph, a
Voigt profile shape for the lines is obtained. While applying the fitting routine
to the entire spectrum multiple velocity components, introduced as multiple
redshift paramaters zi, will be allowed for optimizing the entire spectrum.
In this analysis the occurrence of Lyman-α forest lines as well as metal line
absorption will be included. In the final stage of this comprehensive fitting
method, after a well-behaved absorption model is created, ∆µ/µ is introduced
as a final free parameter and fitted.
This procedure has been applied to several of the ten absorption systems
listed in Table 1, while for some other systems a ’line-by-line’ fitting model
was used (Thompson et al. 2009; Wendt and Molaro 2012). The latter method
exhibits some drawbacks when dealing with overlapped lines in the fit (Malec
et al. 2010; King et al. 2011). Results for the values ∆µ/µ obtained from the
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Fig. 2 Spectra of the A-X (v,0) bands, for v = 0 − 2, observed in the line of sight toward
J1237+064 at redshift z = 2.69. In the upper panels the residuals from a fit are displayed.
various systems at redshifts in the range z = 2.0 − 4.2 analyzed have been
collected in Fig. 1. A weighted average yields ∆µ/µ = (3.1± 1.6)× 10−6. This
result, indicating a small 1.9σ effect of a varying µ is, in view of its small
significance, treated as a null-result. This null-result may also be phrased as
|∆µ/µ| < 5× 10−6 at a 3σ significance level (Ubachs et al. 2016).
3 Optical detection of the CO molecule
Carbon monoxide is the second most abundant gaseous molecule in the Uni-
verse and its A-X electronic band system, occurring at rest-frame wavelengths
of λ < 1544 A˚, is observed in a number of quasar absorption systems (Noter-
daeme et al. 2008, 2010, 2011, 2017). Since the wavelength interval of the A-X
bands is longward of the Lyman-α line these CO spectra are not overlaid by
Lyman-α forest lines.
In the quasar absorption system J1237+064 CO is detected at z = 2.69
(with ESO-VLT) with a column density of log10N(CO)[cm
−2] = 14.2 and
absorption bands A-X(v,0) for v = 0 − 8 were observed in the range λ =
5696 − 4880 A˚. In addition also the B-X(0,0), C-X(0,0) and E-X(0,0) bands
were observed in the bluer part of the spectrum. Molecular parameters were
measured in laser-based and synchrotron-based spectroscopic absorption stud-
ies (Salumbides et al. 2012) and invoked in the ’comprehensive fitting’ method
based on Eq. (1). In Fig. 2 spectra of the three lowest bands of CO A-X, as
observed in J1237+064, are displayed with a model fit. The analysis of the
CO spectrum yields a value of ∆µ/µ = (2.3± 1.7)× 10−5 (Dapra` et al. 2016).
This shows that the CO method is somewhat less constraining than the H2
method, which is ascribed to the fact that the details of the CO absorption
features are spread over less pixels in the spectrum than those of H2. The
range of K-coefficients is similar for both molecules. Recently also µ-variation
was analyzed from a second absorber, J0000+0048 at z = 2.52, resulting in
∆µ/µ = (1.8± 2.3)× 10−5 (Dapra´ et al. 2017a).
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4 Detection of H2 in the photosphere of white dwarfs
The spectrum of molecular hydrogen can also be used to search for a possible
dependence of the fundamental constant µ on a gravitational field. Theoreti-
cally such phenomenon might be explained in ’chameleon’ scenarios of varying
constants (Khoury and Weltman 2004; Flambaum and Shuryak 2008). Some
white dwarfs (WD) exhibit a thin photosphere layer in which molecular hy-
drogen molecules give rise to an absorption spectrum (Xu et al. 2013). The
conditions applying to the H2 molecules in such circumstances are extreme.
Since white dwarfs are collapsed stars of typically a solar mass shrunk to a
radius R of 1% of the Sun, the gravitational potential φ = GM/Rc2 is about
10 000 times that on the Earth’s surface. Further, the temperature of the pho-
tosphere is typically in excess of 10 000 K. Spectra of the photosphere of two
white dwarfs, GD-29-38 (or WD2326+049) and GD-133 (WD1116+026) were
observed with the Cosmic Origins Spectrograph (COS) aboard the Hubble
Space Telescope (HST).
Studies aiming to investigate gravitational effects in dim objects as WD
stars can preferably be performed on systems observed inside the Galaxy.
However, in such case there will be no redshift to shift the absorption profiles
into the atmospheric transmission window. Galactic WD spectra should then
be recorded in the vacuum ultraviolet range, for which COS-HST is ideally
suited. An example of a Galactic WD H2 absorption spectrum is displayed
in Fig. 3 for the case of GD-29-38. In view of the high local temperatures
higher vibrational states of H2 are populated in the WD photospheres, in
contrast to the cold environments probed in quasar absorption, where only
H2(v = 0) is detected. In view of the Franck-Condon factors of H2 the Lyman
bands B-X(1,3) and (1,4) are the most strongly represented in the observed
spectrum which covers the range 1310− 1412 A˚ (Bagdonaite et al. 2014b). At
temperatures of T > 10 000 K rotational quantum states of up to J = 25 are
effectively populated and a simulation of the spectra involves starting from
the partition function including all states populated (Salumbides et al. 2015):
Pv,J(T ) =
gn(2J + 1)e
−Ev,J
kT
vmax∑
v=0
Jmax(v)∑
J=0
gn(2J + 1)e
−Ev,J
kT
(2)
Based on this partition function and assuming thermodynamic equilibrium for
the H2 populated quantum states a fit can be made to the observed spectra,
with temperature T and ∆µ/µ as free parameters, again using Eq. (1) for
the absorption model. This method results in constraints on dependences of
µ on a gravitational field quantified as ∆µ/µ = (−5.8 ± 3.9) × 10−5 for GD-
29-38 (at φ = 1.9 × 10−4) and ∆µ/µ = (−2.7 ± 4.9) × 10−5 for GD-133 (at
φ = 1.2×10−4) (Bagdonaite et al. 2014b). Thus far the objects GD-29-38 and
GD-133 are the only white dwarf stars for which an H2 absorption spectrum
of sufficient SNR was obtained. In a third system, GD-31 (Xu et al. 2013), H2
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Fig. 3 Part of the absorption spectrum of the photosphere of the white dwarf system GD29-
38, overlaid with a model spectrum for temperatures of T = 10 000 K and using the 80%
strongest lines (red line), and a model for T = 13 000 K and the full list of H2 absorption
lines (blue-green line). The total spectrum used in the analysis extends from 1310−1412 A˚.
was observed but the spectrum is of too low quality to derive a competitive
constraint on µ.
5 Radio astronomical observation of polyatomic molecules
Radio astronomy is the preferred technique for identifying molecules in the
interstellar medium and currently well over a 100 molecular species have been
detected through observations in our Galaxy. Only a limited sample of extra-
galactic radio sources at intermediate redshift (0.2 < z < 1) with molecular
absorption in its sightline have been identified, the four listed in Table 2 which
have been used to search for varying constants on a cosmological time scale,
and a fifth system B1504+377 in which OH has been detected (Kanekar and
Chengalur 2002). The radio-loud quasars B0218+357 and PKS 1830-211 are
strongly lensed radio galaxies with the radio source far in the background,
exhibit a large extinction, Av ∼ 10 − 100, and thus a very high molecular
fraction.
Most of the molecules detected in the radio range are observed through
pure rotational lines in the spectrum, for which the sensitivity coefficients are
Kµ = −1 (Jansen et al. 2014). This implies that all such transitions exhibit
the same sensitivity to µ-variation. Hence µ-variation does not produce a dif-
ferential effect, to be distinguished from a cosmological or a Doppler shift, not
even if transitions of different molecules are included in a combined analysis.
If however molecules are considered that exhibit other internal modes of en-
ergy a favorable situation arises. The ammonia molecule exhibits an inversion
splitting associated with a tunneling inversion mode (the N-atom tunneling
10 Wim Ubachs
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Fig. 4 The four methanol absorption lines observed with the Effelsberg radio telescope at
z = 0.88582 towards the radio-loud quasar PKS1830-211. Figure adapted from Bagdonaite
et al. (2013a).
through the plane of the three H-atoms) which is very sensitive to a mass vari-
ation, in view of quantum tunneling being exponentially dependent on mass.
This gives rise to a sensitivity coefficient of Kµ = −4.2 for the typical 21
GHz lines of NH3 (Flambaum and Kozlov 2007). However, again the various
rotational-tunneling lines all exhibit the same K-value, so that purely rota-
tional lines of other molecules (at Kµ = −1) must be included to derive con-
straints on ∆µ/µ. Typically HC3N lines can be used for that purpose (Henkel
et al. 2009), but the analysis then is based on the assumption that NH3 and
HC3N molecules reside in the same location in the extragalactic absorbing
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Table 2 List of extra-galactic radio sources with molecules detected in absorption searching
for varying constants.
Radio Quasar zabs RA(J2000) Decl.(J2000) Refs.
PKS1830−211 0.882 18:33:39.9 −21:03:40 (Henkel et al. 2009; Bag-
donaite et al. 2013a,b;
Kanekar et al. 2015)
B0218+357 0.684 02:21:05.5 +35:56:14 (Murphy et al. 2008;
Kanekar 2011)
PKS1413+135 0.247 14:15:58.8 +13:20:24 (Darling 2004)
PMN0134−0931 0.765 01:34:35.7 −09:31:03 (Kanekar et al. 2005)
clouds. Ammonia has thusfar been observed in two intermediate redshift ob-
jects, PKS1830-211 (Henkel et al. 2009) and B0218+357 (Murphy et al. 2008).
The methanol molecule is an exemplary case where these shortcomings are
circumvented. The motion of hindered internal rotation of the OH-group over
the CH3 group gives rise to a tunneling motion for which some rotational-
torsional transitions exhibit very large Kµ coefficients, with values of Kµ =
−7.4 and Kµ = −33 (Jansen et al. 2011; Levshakov et al. 2011). When these
transitions are combined with pure rotational transitions, of the same molec-
ular species, then a very sensitive analysis of µ-variation can be performed.
This was done in an observation of four radio lines in the methanol spectrum,
ranging from 6.5 GHz to 32 GHz, with the Effelsberg 100m dish radio telescope
(see Fig. 4 (Bagdonaite et al. 2013a)). After that initial study more extended
observations of methanol in the same object have been observed, using also the
IRAM30m telescope and the ALMA telescope array (Bagdonaite et al. 2013b),
as well as the Extended Very Large Array (Kanekar et al. 2015). These studies
have produced the tightest constraint of |∆µ/µ| < 10−7, however only for a
single object and at a single redshift, equivalent to 7.5 Gyrs look-back time or
half the age of the Universe. The stringent constraints on ∆µ/µ derived from
NH3 and CH3OH at redshifts z = 0.68 and z = 0.88 are included in Fig. 1.
In two other radio systems PMN J0134-0931 with a lensed galaxy at
z = 0.765, and PKS1413+135 absorption of OH radicals was analyzed that
provided combined constraints on µ and α. The observation of OH lines at 18
cm was combined with that of the HI 21 cm line, from which contributions to
varying µ and α may be disentangled (Darling 2004; Kanekar et al. 2005).
Most investigations on varying constants focus on absorption, because
cold environments may be probed without too much turbulent motion and
line broadening. It was shown however, that emission of CO combined with
emission of atomic C I, towards the lensed galaxy HLSJ091828.6+514223 at
z = 5.2 could be employed to derive a constraint on µ-variation at such high
redshifts (Levshakov et al. 2012).
6 Future opportunities and instrumentation
The accuracy of the H2 and CO optical absorption methods as discussed in
sections 2 and 3 is limited by the signal-to-noise ratio (SNR) obtained in the
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spectra recorded at the 8-10m class telescopes. Extending the integration time
will improve the spectra and therewith the statistical constraint on ∆µ/µ, but
the SNR scales only with the root of measurement time. Since for the mea-
surement of the H2 absorption spectrum of Q2348-011 already an averaging
time of 19 hrs on target was applied (Bagdonaite et al. 2012), it seems unreal-
istic to further extend such long observation periods on 8-10m class telescopes.
However, the construction of a next generation optical telescopes with 30-40m
dishes, such as the European Extremely Large Telescope, the Thirty Meter
Telescope and the Giant Magellan Telescope, will deliver the prospect of in-
creased photon collection and drastically improved signal-to-noise ratio. This
will straightforwardly lead to tighter bounds on ∆µ/µ with the H2 and CO
optical methods.
The spectrographs used for µ-variation studies (UVES at VLT, and HIRES
at Keck) are designed such that a resolving power of R ∼ 50 000 is obtained for
an entrance slit corresponding to 0.8 arcseconds; this value matches ’regular-to-
good’ seeing conditions so that all light can be captured within the slit at seeing
conditions of 0.8”. For the molecular hydrogen absorbing systems investigated
so far it was found that the Doppler broadening of the individual H2 features
in all of the cases yielded superthermal line broadenings in excess of the 50 000
resolving power limit, most likely due to turbulent motion inside the absorbing
galaxy or unresolved velocity substructures. In the specific case of J2123-005
spectra were measured at R = 55 000 with UVES-VLT (van Weerdenburg
et al. 2011) and R = 110 000 with HIRES-Keck (Malec et al. 2010), but the
linewidths in the observed spectra were the same, hence fully governed by su-
perthermal Doppler broadening. In such cases, for all systems investigated (see
Table 1), the effective Doppler width greatly exceeds the kinematic width that
would correspond to the Boltzmann population temperatures, which are for
H2 typically 50−150 K (Petitjean et al. 2002; Srianand et al. 2005). Although
it might be possible that an H2 absorbing system will be found, exhibiting no
turbulent motions and a strongly decreased Doppler broadening, as of now it
appears that improved resolution beyond 50 000 would probably not benefit
the H2 method. The planned installation of the ESPRESSO spectrograph at
ESO-VLT with its high-resolution mode of R = 120 000 and its very-high-
resolution mode of R = 220 000 would provide an opportunity to further test
this hypothesis.
Wavelength calibration is a crucial issue in a spectroscopic search for vary-
ing constants, because the methods rely on exploring the smallest differential
wavelength shifts between molecular absorption lines. The spectra are gener-
ally calibrated against a ThAr reference spectrum measured immediately after
the quasar exposures without resetting its geometry. It was found that ”intra-
order” distortions occur in the echelle-grating based measurements (Griest
et al. 2010; Whitmore et al. 2010). In addition, it was found that long-range
wavelength distortions also affect the calibration of the quasar absorption spec-
tra when calibrated against the ThAr lines. This is probably due to the fact
that the light beams as originating from far-distant objects and the light beams
from the ThAr cell on the telescope platform travel along different paths (Rah-
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mani et al. 2013; Whitmore and Murphy 2015). The resulting distortions of the
wavelength scale may mimic a ∆µ/µ effect. For analyzing these miscalibration
phenomena exposures of either solar twin stars or of asteroids are used, which
may be compared with an accurate high-resolution Fourier-transform spectra
measured of the Sun (Molaro et al. 2008). Such recalibration methods may be
applied to assess a value for the systematic uncertainty in the determination of
∆µ/µ, or even counter-distort the wavelength scale to obtain a fiducial value
of a constraint on ∆µ/µ, as was pursued in some studies (Rahmani et al. 2013;
Bagdonaite et al. 2014a; Dapra` et al. 2015).
Some of the problems of wavelength calibration of astronomical spectra can
be resolved by fiber-feeding the light into the spectrograph. Already for the
ESPRESSO spectrograph the light from the VLT large-dish will be collected
into a multi-mode fiber before entering the spectrograph, with the goal to
discriminate against angular differences between light paths. A problem with
fiber-feeding is the additional loss of photons, in particular in the UV part of
the spectrum. In fact the fiber-fed spectrographs will not be specified for the
range 3000 − 3800 A˚, a range that contains the central information for the
H2 method in case of quasars at redshifts z = 2 − 3. Hence fiber feeding the
spectrograph will be detrimental in application to most of the H2 absorbers
that fall in that redshift range (see Table 1).
Another improvement, currently established on some telescope-based spec-
trographs, is the use of frequency comb lasers at the observatories (Wilken
et al. 2012). Frequency comb lasers deliver a very dense spectrum of frequency
markers at a separation exactly governed by an atomic clock, thus constituting
an ideal reference spectrum. However, extension of the comb markers to the
UV part of the spectrum at 3000− 3800 A˚ is not obvious. Again, a combina-
tion with fiber-feeding is anticipated, resulting in similar problems for the H2
method as mentioned above.
The method to detect a dependence of µ on gravitational fields, as discussed
in section 4, requires a high resolution satellite-based VUV spectrograph, since
zero-redshift absorption by H2 occurs in the wavelength range for which the
Earth’s atmosphere is opaque. Currently the COS-spectrograph aboard the
HST serves this purpose although for the study of H2 in the Milky Way it
would be desirable to use a spectrometer of a resolving power beyond that
of COS (R = 20 000). Repair on HST instruments is likely to stop after the
launch of the James Webb Space Telescope in the near future. The latter takes
advantage of positioning in a Lagrange point of the Earth orbit around the
sun at 1.5 million km from Earth, but is only equipped with instruments for
the infrared. While in the past Galactic molecular hydrogen was first detected
from a rocket-sounding mission (Carruthers 1970), thereafter dedicated VUV-
spectrographs were launched in orbit: the Copernicus mission, the Orpheus
telescope aboard a Space Shuttle, the Far Ultraviolet Spectroscopic Explorer
(FUSE) mission, and the Space Telescope Imaging Spectrograph (STIS) and
the Cosmic Origins Spectrograph (COS) instruments aboard the HST. The
possibility of detecting and studying H2 within the Milky Way, for any as-
trophysical purpose, is strongly endangered after HST and its instruments
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reach the end of their lifetime. A possible follow-up mission is that of the
Large/UV/Optical/Infrared (LUVOIR) surveyor covering the H2 absorption
wavelength range, which is however still in a preparation phase (France et al.
2016).
As for the radio astronomical observations in search for a varying µ, dis-
cussed in section 5, it is established that probing the methanol molecule has
two distinct advantages: CH3OH exhibits the most sensitive transitions and
it exhibits transitions with a wide variety of sensitivities, such that there is
no need to compare with other molecular species providing anchor lines. How-
ever, thusfar only a single absorbing system with methanol toward a radio-loud
quasar is found. The object at z = 0.88 in the line-of-sight toward PKS1830-
211 is a lensed galaxy, while the background source is a blazar and exhibiting
a variable luminosity (Muller et al. 2011), which brings some difficulties when
studying it in the context of µ-variation (Bagdonaite et al. 2013b). In a strategy
of tightening the limitations on ∆µ/µ the most sensitive radio observatories
could be used for finding additional methanol absorbers, preferably at higher
redshifts (z > 1). For such survey studies the Atacama Large Millimeter Ar-
ray (ALMA) observatory could be used, targeting high frequency transitions of
methanol in the ALMA window (> 100 GHz). It should be noted however that
the roto-torsional modes in methanol, exhibiting the largest sensitivity coeffi-
cients, are at lower frequencies, typically at < 50 GHz, depending on redshift.
While currently the Effelsberg 100m telescope (Bagdonaite et al. 2013a) and
the Extended Very Large Array (Kanekar et al. 2015) are suitable observato-
ries for the low-frequency range, in future the Square Kilometer Array (SKA)
will be a very sensitive instrument to probe sensitive transitions in methanol
for further constraining fundamental constants as the proton-electron mass
ratio, or find a positive effect of new physics beyond the prevailing Standard
Model.
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